Recent reports showed progranulin could be associated with synaptic pruning and phagocytosis [17, 18] . Various functions and states of microglia are regulated by progranulin. Taken together, progranulin may be associated with microglial migration or functions during retinal development, as well as RGCs, photoreceptor cells, and astrocytes.
However, it remains unclear how microglia are associated with retinal development in mice. In this study, we investigated how postnatal microglia play a role in retinal development in mice and the association with progranulin.
METHODS

Animals:
Maternal C57BL/6 mice (Japan SLC, Hamamatsu, Japan) and neonatal mice were maintained under a controlled lighting environment (12 h:12 h light-dark cycle). Neonatal mice were collected from the same litter. Grn −/− mice generated by Kayasuga et al. [19] were obtained from Riken BioResource Center (Tsukuba, Japan) and were backcrossed with C57BL/6J mice (Charles River Japan, Yokohama, Japan). Genotyping was performed according to the previous protocol [19] . Briefly, amplification was performed using a DNA thermal cycler (Takara Bio, Shiga, Japan) for 30 cycles. A cycle profile consisted of 30 s at 94 °C for denaturation, 30 s at 60 °C for annealing and 60 s at 72 °C for primer extension. All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the procedures were approved and monitored by the Institutional Animal Care and Use Committee of Gifu Pharmaceutical University and were performed after approval from the Bioethics and Biosafety Committee of Gifu Pharmaceutical University.
Immunostaining: The enucleated eyes were fixed in 4% paraformaldehyde for 24 h at 4 °C. The eyes were then cryoprotected in 25% sucrose for 24 h at 4 °C and embedded in optimal cutting temperature compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan). The eyes were cut in transverse cryostat sections of 10 μm thickness and placed on glass slides (MAS COAT; Matsunami Glass Ind., Ltd., Osaka, Japan). Immunostaining was conducted in accordance with the methods described in detail [20] . Briefly, the sections were blocked with non-immune serum and incubated overnight with the primary antibody at 4 °C. The mouse-on-mouse (M.O.M.) immunodetection kit (Vector Labs, Burlingame, CA) was used for blocking and solvents. After overnight incubation with the primary antibody, the sections were incubated with the secondary antibody for 1 h. They were then counterstained and mounted.
For 5-bromo-2′-deoxyuridine (BrdU) staining, the retinal sections were pretreated for 30 min with 2 M hydrochloric acid (HCl) 2 M for 30 min. Then they were incubated with 0.3% Triton X-100 (Bio-Rad Labs, Hercules, CA) for 30 min. They were then treated with 0.1% trypsin (Wako Pure Chemical Industries, Ltd., Osaka, Japan) at 37 °C for 7 min.
For Pax6 staining, the retinal sections were pretreated with 0.3% Triton X-100 (Bio-Rad Labs) for 30 min. They were then treated with 0.1% trypsin (Wako Pure Chemical Industries, Ltd.) at 37 °C for 7 min. The following primary antibodies were used: mouse anti-Pax6 (1:300 dilution; Abcam, Cambridge, MA), mouse anti-Chx10 (1:200 Images were acquired with a confocal microscope (FLUOVIEW FV10i; Olympus, Tokyo, Japan). For quantitative data, photographs were analyzed at 500 µm and the peripheral area from the optic nerve head. The number of BrdU-and Pax6-positive cells was counted within the area of the image (211.968 × 211.968 µm). The number of Iba-1-positive cells and cleaved caspase-3-positive cells was counted within the whole retina. Three retinal sections were analyzed per one eye.
Western blotting: Western blotting was performed according to our methods described in detail [20] . Briefly, mice retinas were lysed using a buffer containing protease and phosphatase inhibitors. The tissue was homogenized, and the cell lysate was centrifuged. The supernatant was used for the subsequent experiments. The protein concentration was measured using a protein assay kit (Thermo Scientific, Waltham, MA). Samples were analyzed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 5-20% gradient gels (Wako Pure Chemical Industries, Ltd.), and the proteins were transferred onto a membrane. After blocking for 30 min at room temperature, the membranes were washed and then incubated with the primary antibody overnight at 4 °C. The following primary antibodies were used: mouse anti-Pax6 (1:1,000 dilution; Abcam), mouse anti-rhodopsin (1:1,000 dilution; Millipore), mouse anti-GS (1:1,000 dilution; Millipore), mouse anti-calbindin (1:1,000 dilution; Abcam), mouse anti-nestin (1:200 dilution; BD Biosciences, San Jose, CA), rabbit anti-Iba-1 (1:200 dilution; Wako Pure Chemical Industries, Ltd.), rabbit anti-GAPDH (1:1,000 dilution; Cell Signaling Technology), sheep anti-progranulin (1:200 dilution; R&D Systems), and mouse anti-β-actin (1:2,000 dilution; Sigma-Aldrich, St Louis, MO). After exposure to the primary antibody, the membranes were incubated with peroxidase goat anti-rabbit, goat anti-mouse, or rabbit antisheep IgG (Thermo Scientific) as the secondary antibody. The immunoreactive bands were made visible with ImmunoStar LD (Wako Pure Chemical Industries, Ltd.). The band intensity was measured using a Luminescent image analyzer LAS-4000 UV mini (Fujifilm, Tokyo, Japan). The protein band intensities were quantified using MultiGauge software Ver. 3.0 (Fujifilm) and normalized to the level of β-actin and GAPDH (for progranulin only).
LPS treatment: LPS treatment was performed following a previous report in which LPS treatment (1 mg/kg) for neonatal mice intraperitoneally (i.p.) at P3 increased the number of microglia in the brain at P7 [12] . Briefly, LPS (1 mg/kg; Sigma-Aldrich) was treated i.p. at P3. LPS 1 mg/ml in PBS (1X; 136.9 mM NaCl, 2.68 mM KCl, 10.14 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , pH 7.3) was prepared as a stock solution and an injected solution. The control group was treated with an equal amount of PBS. The injection was performed with a Nanopass 34-gauge needle (Terumo Corporation, Tokyo, Japan). To evaluate the proliferative cells, BrdU (50 mg/kg; Sigma-Aldrich) was injected i.p. from P3 to P7 at the same time. BrdU 10 mg/ml in PBS was prepared at time of use. At P7, the mice were euthanized by decapitation, and the eyes were enucleated. The eyelids with neonatal mice were cut not to damage eyes. Then, eyes were pluck out after the removal of tissues surrounding eyes.
PLX3397 treatment: PLX3397 (pexidartinib; Selleck Chemicals, Houston, TX) was treated at a dose of 0.25 and 1 mg/kg (i.p., twice daily) to neonatal mice from P0 to P7. PLX3397 250 mg/ml in 100% dimethyl sulfoxide (DMSO) was prepared as the stock solution. The stock solution was diluted with PBS for the injected solution (0.25 mg/ml in PBS plus 0.1% DMSO). The control group was treated with an equal amount of 0.1% DMSO in PBS. BrdU was injected similarly as described above. At P7, the mice were euthanized, and the eyes were enucleated.
Statistical analysis:
The data are presented as the means ± standard error of the means (SEMs). The significance of the differences was determined with a two-tailed Student t test or Dunnett's test (SPSS version 24; IBM, Armonk, NY). A p value of less than 0.05 was considered statistically significant.
RESULTS
Iba-1-positive microglial change in the postnatal retina:
It has been reported that the number of microglia increase and peak at P7 [9] . To confirm this report, we investigated the expression of ionized calcium binding adaptor molecule 1 (Iba-1) as the marker of microglia in the context of retinal cell markers. Western blotting analysis showed that Iba-1 expression was increased to 250% at P7 compared with the expression at P3 (p=0.002, Figure 1A ,B). The expression was decreased to 180% at P14 compared with the expression at P7 ( Figure  1A,B) . Immunostaining of Iba-1 also showed that the number of microglia peaked at P7 and localized at the inner retinal layer ( Figure 1C) . Thus, we confirmed that the expression of Iba-1 peaked at P7 during postnatal development. Moreover, we investigated the expression of retinal precursor cell markers and retinal cell markers to identify how the increase in microglia corresponded to retinal cell development. Retinal precursor cell markers (nestin and Pax6) were obviously decreased at P14 compared with P7 (nestin, p=0.003; Pax6, p=0.001; Figure 1D ,E), and retinal cell markers (rhodopsin, calbindin, and glutamine synthetase [GS]) increased dramatically at P14 (rhodopsin, calbindin, and GS, p<0.0001, Figure  1D ,E). These markers were expressed in photoreceptor cells, amacrine cells, and Müller glia, respectively [5, 21] . These results indicated that microglia may contribute to any events from P3 to P7 that occur before postnatal differentiation of retinal cells. Progranulin is expressed in retinal astrocytes and microglia at the postnatal stage [15] . Progranulin expression showed a concerted increase that matched the expression of Iba-1, and microglia strongly expressed progranulin at P7 (p=0.001, Figure 1A ,B).
LPS treatment of neonatal mice increased the number of microglia and BrdU-positive proliferative cells:
In light of the present findings indicating that microglia increased from P3 to P7, we hypothesized that microglia could promote the proliferation of retinal precursor cells continuing at the postnatal stage. First, we performed the treatment with LPS to investigate how the microglial increase contributed to the proliferation of retinal precursor cells. The treatment was performed based on the report in which systemic administration of LPS to neonatal mice promoted neurogenesis in the SVZ [12] . LPS at 1 mg/kg was intraperitoneally administered at P3, and BrdU was incorporated from P3 to P7 (Figure 2A) . LPS treatment increased the number of microglia in the retina (p=0.036, Figure 2B ,C). Some microglia expressed one of the M2 markers, CD206 [22] , and LPS increased the number of CD206-positive microglia (p=0.047, Figure 2D ). LPS treatment did not alter the number of cleaved caspase-3-positive cells ( Figure 2E ). LPS treatment increased the number of BrdU-positive proliferative cells in the peripheral area (p=0.035, Figure 2F ,H). The increased BrdU-positive proliferative cells merged with a retinal precursor cell marker, Pax6 ( Figure 2G ). To clarify the increase in the retinal precursor cells by LPS treatment, Pax6 and Sox2 double-positive cells were analyzed [23] . LPS treatment increased the number of Pax6 and Sox2 double-positive cells (p=0.012, Figure 2I ,J).
PLX3397 treatment of neonatal mice decreased the number of microglia and BrdU-positive proliferative cells:
PLX3397, a colony-stimulating factor 1 receptor (CSF1R) inhibitor, is generally used for microglial depletion [24, 25] . In this study, neonatal mice were treated with PLX3397 with an intraperitoneal injection ( Figure 3A ). The treatment with PLX3397 twice daily from P0 to P7 decreased the number of microglia decrease BrdU and Pax6 double-positive cells (p=0.038, Figure 3F ,G). PLX3397 did not alter the number of cleaved caspase-3-positive cells ( Figure 3H ).
Progranulin deficiency decreased the number of microglia and retinal precursor cells:
Progranulin has been reported to promote microglial migration, and it was suggested that progranulin is a chemoattractant for microglia [16] . We hypothesized that progranulin deficiency could decrease the microglial migration into the retina. At P7, progranulin was not observed in the Grn −/− retina although the expression was highly seen in the microglia of the wild-type (WT) mice ( Figure 4A ). The number of Iba-1-positive microglia was decreased in the retina of the Grn −/− mice at P7 (p=0.016, Figure 4A ). To investigate the effect on retinal precursor cells under progranulin deficiency, Pax6 was immunostained. The Grn −/− retina showed a decrease in Pax6-positive retinal precursor cells (p=0.016, Figure 4B ). These findings strengthened the association of microglia with retinal precursor cells.
DISCUSSION
In the present study, the aim was to determine how microglia are associated with postnatal retinal development. An increase in the microglia in the retina by systemic treatment with LPS enhanced the proliferation of retinal precursor cells and increased the number of retinal precursor cells ( Figure  2F-J) . LPS has broad effects through toll-like receptor 4 (TLR4) signaling, and TLR4 signaling is reported to be associated with the proliferation of neural precursor cells [27, 28] . Therefore, we needed to show more clearly the association of microglia with the proliferation of retinal precursor cells. The decrease in microglia in the retina by PLX3397 treatment reduced the proliferation of retinal precursor cells ( Figure  3D-G) . However, these reagents (LPS and PLX3397) did not alter cell death because the cleaved caspase-3-positive cells were not changed between the control and reagents-treated groups ( Figure 2E and Figure 3H ). Microglia secrete various factors, such as inflammatory cytokines and growth factors [29] . Thus, microglia have a paradoxical role, and there are two types (M1 and M2). Some recent reports revealed that microglia are associated with neurogenesis in the SVZ and the hippocampal dentate gyrus [12, 13] . Although it remains controversial whether M1 (inflammatory cytokines secreted) or M2 (growth factors secreted) microglia contribute to neurogenesis, microglial activation presumably promotes neurogenesis. It was reported that systemic administration of LPS to neonatal mice increased M2 microglia and promoted neurogenesis in the SVZ [12] . The present results also showed LPS increased M2 microglia ( Figure 2D ). It was suggested that M2 microglia could be associated with the proliferation of neural stem cells. However, M1 microglia may also be induced by LPS. M1 and M2 microglia exist on a spectrum (M2a, M2b, etc.) and cannot easily be placed into defined groups [30] . Moreover, it has been suggested that the polarization is doubtful, and a "multidimensional" stage is thought to exist [31] . Another report showed minocycline decreased the number of microglia and neural precursor cells through a decrease in some cytokines [13] . This result was supported by a recent report that neurogenesis is associated with microglia in the zebrafish retina [14] . Microglia can have multiple effects, such as synaptic maturation, although polarization remains controversial [32, 33] . Further experiments are needed to reveal how the polarization of microglia is associated with neurogenesis or the proliferation of precursor cells although the present data show that LPS induces polarization to M2 microglia in neonatal mice.
Retinal precursor cells continue to proliferate at even P6 in the peripheral area [4] . BrdU-labeled proliferative cells merge with the marker of some retinal cells [34] . Rod photoreceptor cells, bipolar cells, and Müller glia proliferate by P6, P9, and P12, respectively. The number of proliferative cells is limited by P12. Most rod photoreceptor cells, bipolar cells, and Müller glia differentiate into mature cells by P12. Moreover, the separation of the inner nuclear layer (INL) and the outer nuclear layer (ONL) occurs at almost P6 [35] . In the present study, microglia increased at P7. This timing is almost the same as that of the proliferation and separation of the retinal layer. Therefore, microglia may be important for the proliferation of retinal cells and the formation of the retinal layer.
In this study, we also identified that progranulin may have the potential to promote microglial migration into the retina, because progranulin deficiency decreased the number of microglia in the retina. Progranulin may be associated with microglial migration during retinal development, because it was suggested progranulin had the potential to promote microglial migration [16] . Interestingly, progranulin expression was increased corresponding to Iba-1 expression ( Figure  1A-C) . Thus, progranulin surely regulates the microglial status in the retina. Another report showed the association of neuronal cells with progranulin. Progranulin increased the expression of fractalkine (CX3CL1) which is associated with the migration of monocytes in neurons [16, 36] . Therefore, progranulin deficiency may decrease the invasion of microglia into the retina through the neurons. Moreover, the expression of progranulin was increased at P7 ( Figure 1A,B) . Recent reports showed progranulin could be associated with microglial functions, such as synaptic pruning and phagocytosis [17, 18] . Taken together, progranulin can regulate the number of retinal microglia by accelerating the migration although progranulin may directly be associated with the proliferation of retinal cells and the formation of the retinal layer. Moreover, astrocytes and blood vessels spread across the retina after birth. It was reported that astrocytes and endothelial cells could have a potential effect against the proliferation of neural precursor cells [37, 38] . Progranulin deficiency causes excessive activation of astrocytes in the postnatal stage [15] . Therefore, other cells except microglia might affect the proliferation of retinal precursor cells. In conclusion, these findings indicate that microglia, the resident myeloid cells except neuronal lineage, have a potent influence on the proliferation of precursor cells in the retina.
